The transcription factor NFAT (nuclear factor of activated T-cells) is a cytosolic phosphoprotein that accumulates in the nucleus following dephosphorylation by the calcium (Ca 2؉ )/calmodulin-dependent phosphatase, calcineurin. A defining feature of stimuli that induce NFAT nuclear accumulation/activation is a sustained increase in global intracellular Ca 2؉ . Contrary to expectations, we have found that a sustained elevation of intracellular Ca 2؉ , induced by membrane potential depolarization and mediated by voltage-dependent Ca 2؉ channels, does not result in nuclear localization of the NFATc3 isoform in smooth muscle. However, vasoconstrictors (e.g. uridine triphosphate (UTP)) and growth factors, which elevate intracellular Ca 2؉ and engage multiple intracellular signaling pathways, induce a robust increase in smooth muscle nuclear NFATc3. Here we show that depolarizing stimuli that normally fail to induce NFATc3 nuclear accumulation in arterial smooth muscle effectively induce nuclear accumulation under conditions in which Crm-1-dependent or JNK2-mediated nuclear export processes are disrupted. Consistent with an important regulatory role for JNK, UTP exerts a suppressive effect on JNK activity in smooth muscle.
The NFAT 1 (nuclear factor of activated T-cells) transcription factor family is comprised of four well characterized members, designated NFATc1 (NFAT2/c), NFATc2 (NFAT1/p), NFATc3 (NFAT4/x), and NFATc4 (NFAT3). First identified as the transcription factor responsible for mediating Ca 2ϩ -dependent transcription of genes involved in T-cell activation (3, 4) , NFAT has since been shown to play a role in mediating Ca 2ϩ -dependent gene transcription in diverse cell types outside of the immune system, including neurons and cardiac, skeletal, and smooth muscle cells (5) (6) (7) .
NFAT activation is regulated primarily through control of its subcellular localization (8) and reflects the dynamic interplay between influences that promote and oppose nuclear accumulation (reviewed in Refs. 5 and 6). In the absence of a Ca 2ϩ -elevating stimulus, NFAT is a transcriptionally inactive cytosolic phosphoprotein. Elevation of intracellular Ca 2ϩ , produced by a variety of mechanisms, activates the Ca 2ϩ /calmodulin-dependent protein phosphatase, calcineurin, which dephosphorylates NFAT on multiple N-terminal serine residues. Dephosphorylation results in a conformational change in the NFAT molecule that exposes nuclear localization signals (9) , allowing NFAT nuclear import to take place, presumably through nuclear pores. Calcineurin also plays a role in promoting nuclear retention of NFAT by masking nuclear export signals (NES) recognized by the exportin protein, Crm-1, which has been shown to mediate NES-dependent NFAT nuclear export (10 -13) . Calcineurin-dependent NFAT nuclear accumulation is subject to further regulation by the activity of serine/threonine kinases (14) , which may act in the nucleus to promote the export of nuclear NFAT, or in the cytosol, to inhibit NFAT import. Some of these regulatory mechanisms rely on sites that are conserved in all NFAT isoforms and are likely to apply universally, whereas other kinases exhibit apparent subtypeselective regulation (reviewed in Refs. 5 and 6) .
Among the serine/threonine kinases that have been shown to regulate NFAT nuclear accumulation are members of the c-Jun terminal kinase (JNK) family, comprised of JNK1-3 isoforms. JNK1 has been shown to target the NFATc1 isoform, phosphorylating the PxIxIT docking site required for NFAT interaction with calcineurin, resulting in a disruption of calcineurin binding and inhibition of NFAT nuclear import (15) . This site is conserved in the NFATc2 isoform but not in the NFATc3 or NFATc4 isoforms. A second more distal target of JNK1, which may also contribute to the inhibitory effect of JNK1 on NFAT nuclear import, is conserved in all NFAT isoforms. JNK2 also targets NFAT but acts in the nucleus to promote NFAT export. Using exogenously expressed proteins in the Jurkat T-cell line, JNK2 was shown to selectively promote the nuclear export of NFATc3 through phosphorylation of serines 163 and 165 in the conserved regulatory domain (16) .
Early studies using cells of the immune system suggested that a sustained, graded increase in global intracellular Ca 2ϩ is both necessary and sufficient to induce NFAT nuclear accumulation, whereas transient Ca 2ϩ pulses are not (17) (18) (19) . However, recent work in hippocampal neurons demonstrates that a transient depolarization-induced increase in intracellular Ca 2ϩ induced by depolarization with potassium (K ϩ ) is capable of inducing sustained NFAT activation (20) . Our results indicate that a chronic increase in intracellular Ca 2ϩ induced by sustained depolarization with elevated potassium (HK) is insufficient to induce NFAT nuclear accumulation in smooth muscle (1, 2) . These data highlight possible tissue-dependent Ca 2ϩ signal requirements for NFAT activation and suggest that additional mechanisms that regulate NFAT nuclear accumulation may be more prominent in some tissues than in others.
We have previously shown that vasoconstrictors such as uridine triphosphate (UTP), which elevate intracellular Ca 2ϩ and engage multiple intracellular signaling pathways, induce a robust increase in NFATc3 nuclear accumulation in cerebral arterial smooth muscle (2) . The resulting nuclear NFATc3 accumulation was shown to depend on inositol trisphosphate receptor-mediated release of Ca 2ϩ from intracellular stores, extracellular Ca 2ϩ influx through voltage-dependent Ca 2ϩ channels, and calcineurin activity (2). Here we show that the nuclear export of NFATc3 following UTP-induced nuclear accumulation is dramatically slowed in arterial smooth muscle from animals deficient for JNK2 (JNK2 Ϫ/Ϫ ). Using cerebral arteries from wild-type animals, we further show that UTP suppresses JNK activity and demonstrate that depolarizing stimuli that normally fail to induce NFATc3 nuclear accumulation induce robust nuclear accumulation in the absence of Crm-1-dependent or JNK2-mediated nuclear export processes. Taken together, these results indicate that both intracellular Ca 2ϩ elevation and suppression of NFAT nuclear export activity are required to induce NFATc3 nuclear accumulation in smooth muscle; neither stimulus alone is sufficient.
EXPERIMENTAL PROCEDURES
Tissue Samples-Adult JNK1 Ϫ/Ϫ , JNK2 Ϫ/Ϫ , C57BL/6, and CD1 mice (20 -25 g) were used. JNK1 Ϫ/Ϫ and JNK2 Ϫ/Ϫ mice were kindly provided by Dr. Mercedes Rincon and have been described previously (21, 22) . C57BL/6 and CD1 mice were from Charles River Laboratories. Animals were euthanized by peritoneal injection of pentobarbital solution (200 mg/kg). The brain was removed and placed into ice-cold physiological saline solution (containing, in mmol/liter: NaCl, 135; KCl, 5.9; MgCl 2 , 1.2; Hepes, 11.6; glucose, 11.5; pH 7.4). Cerebral arteries were removed and cleaned of connective tissue.
Immunofluorescence-All experiments were performed at room temperature. Arteries were treated with various agents and times, as specified in the text, and then mounted onto glass slides. The arteries were fixed with 4% formaldehyde in phosphate-buffered saline (PBS, pH 7.4) for 15 min, permeabilized with 0.2% Triton-X-100 in PBS for 10 min, and blocked for 2 h with 2% bovine serum albumin (BSA) in PBS. Primary antibodies, rabbit anti-NFATc3 (Santa Cruz Biotechnology; diluted 1:250 in 2% BSA/PBS) and phosphospecific rabbit anti-JNK1 and JNK2 (pTpY 183/185 ) (BIOSOURCE International, diluted 1:500 in 2% BSA/PBS), were applied overnight at 4°C. Secondary antibody, Cy5-anti-rabbit IgG (Jackson ImmunoResearch Laboratories; 1:500 dilution), was applied for 1 h at room temperature. For identification of nuclei, the fluorescent nucleic acid dyes YOYO-1 or SYTOX Green (Molecular Probes, 1:30,000 and 1:3000 dilution, and for NFATc3 and JNK experiments, respectively) were used. After washing, the vessels were mounted (Aqua Polymount mounting medium, Polysciences) and examined at ϫ40 magnification using a Bio-Rad 1000 laser scanning confocal microscope. NFATc3 and P-JNK were detected by monitoring Cy5 fluorescence using an excitation wavelength of 650 nm and an emission wavelength of 670 nm. Specificity of immune staining was confirmed by the absence of fluorescence in arteries incubated with primary or secondary antibodies alone. For scoring of NFATc3-positive nuclei, multiple fields for each vessel were imaged and counted by two independent observers under double-blind conditions. For quantification, a cell was considered positive if co-localization (yellow) was observed in the nucleus, whereas a cell was considered negative if no co-localization (green only) was visualized. For P-JNK quantification, grayscale images acquired in proprietary Bio-Rad format were imported into MetaMorph image analysis software (Universal Imaging Corp., Downingtown, PA). Segmented region areas, 40 ϫ 40 pixel dimension, were applied to five randomly selected areas within the smooth muscle layer of each artery. A threshold encompassing an intensity range of 50 -255 grayscale values was applied to the segmented regions of interest, and the integrated pixel values within the areas were measured using the software's Integrated Morphometry Analysis module.
Statistical Analysis-Results are expressed as means Ϯ S.E., where applicable. All statistical analysis was performed using GraphPad software (Prism 3.0). Statistical significance was determined using one-way analysis of variance followed by Bonferroni or Tukey-Kramer tests (for comparisons between Յ5 groups and Ն6 groups, respectively).
Chemicals-All drugs and chemical reagents were purchased from Sigma unless otherwise specified.
RESULTS

Depolarization-induced NFATc3 Nuclear Accumulation in
Cerebral Arteries from JNK2-deficient Animals-We have previously shown that UTP and other Gq-coupled vasoconstrictors are effective stimuli for NFATc3 nuclear accumulation in cerebral artery smooth muscle (2) , and platelet-derived growth factor is a potent stimulus for NFATc3 nuclear accumulation in ileal smooth muscle (1) . However, depolarization with 60 mM K ϩ (HK), which increases intracellular Ca 2ϩ levels in smooth muscle, fails to induce a corresponding increase in NFATc3 nuclear localization in either of these smooth muscle tissues (1, 2). These results were somewhat unexpected given that sustained increases in intracellular Ca 2ϩ are sufficient to induce NFAT nuclear accumulation in non-excitable cells, and elevations in intracellular Ca 2ϩ induced by depolarizing pulses of HK have been shown to effectively induce NFAT nuclear accumulation in hippocampal neurons (20) . Given that NFAT nuclear accumulation is the outcome of a dynamic balance between phosphatase and kinase activity, we hypothesized that both HK and UTP generate Ca 2ϩ signals that are sufficient to activate calcineurin but differentially affect pathways that act to oppose calcineurin-induced NFATc3 nuclear accumulation. We focused on the JNK2 pathway since experiments in cultured T-cells have shown that JNK2 selectively promotes the nuclear export of the NFATc3 isoform (16) . In these experiments, intact cerebral arteries from JNK2 Ϫ/Ϫ mice were treated with 60 mM K ϩ for 30 min, followed by immunostaining for NFATc3. In sharp contrast to the results obtained in wildtype animals, depolarization with K ϩ induces a robust nuclear accumulation of NFATc3 in arterial smooth muscle cells of JNK2 Ϫ/Ϫ mice (Fig. 1, A and B) , resulting in levels of nuclear NFATc3 comparable with those observed in UTP-treated wildtype arteries. Neither basal nor UTP-induced NFATc3 nuclear localization are significantly affected by JNK2 deficiency (Fig.  1 , C and D; see "Discussion").
Regulation of NFATc3 Export by JNK2- Fig. 1 indicates that the absence of JNK2 is permissive for HK-induced NFATc3 nuclear accumulation in smooth muscle. To establish whether JNK2 is acting to enhance NFATc3 nuclear export or inhibit its import, the rate of NFATc3 appearance in, and disappearance from, the nucleus were determined in cerebral artery smooth muscle cells from wild-type and JNK2
Ϫ/Ϫ mice. Since HK does not increase NFATc3 nuclear accumulation in wild-type animals (see Fig. 1 ), it is effectively impossible to obtain a baseline import or export rate using this stimulus. Accordingly, UTP rather than HK was used to promote NFATc3 nuclear accumulation in these experiments, to compare the results obtained from JNK2 Ϫ/Ϫ with those from wild-type animals. The time course of NFATc3 nuclear accumulation induced by UTP (10 M) was not different in arteries from wild-type and JNK2 Ϫ/Ϫ mice ( Fig. 2A) . After allowing NFATc3 to accumulate in the nucleus (30 min), the UTP-containing solution was replaced with buffer alone, and artery segments were removed and fixed at time points from 5 to 60 min following UTP washout. In cerebral arteries from JNK2 Ϫ/Ϫ animals, NFATc3 disappearance from the nucleus is significantly slowed compared with arteries from wild-type animals. As shown in Fig. 2B , the levels of nuclear NFATc3 in arterial smooth muscle from JNK2 Ϫ/Ϫ mice are unchanged after 30 min of washout, a time at which nuclear NFATc3 has reached baseline levels in wild-type animals. Even after 60 min, nuclear NFATc3 levels remain significantly elevated in arteries from JNK2
Ϫ/Ϫ mice compared with prestimulus controls. This increased nuclear retention of NFATc3 in the absence of JNK2 indicates that JNK2 normally acts to promote NFATc3 nuclear export and suggests that JNK2 activity makes an important contribution to NFATc3 nuclear export regulation in this tissue.
Constitutively Elevated NFATc3 Nuclear Export Activity in Native Smooth Muscle-The fact that depolarization with HK effectively induces NFATc3 nuclear accumulation when a kinase that promotes its export is genetically removed underscores the importance of nuclear export activity in regulating nuclear accumulation of NFATc3. It further suggests that in smooth muscle, the "gain" on the nuclear export pathway is turned up relative to other excitable (20) and non-excitable (23) cells, where elevation of intracellular Ca 2ϩ by depolarization or with ionophores, respectively, is sufficient to promote nuclear accumulation of NFAT. To test the possibility that HK induces nuclear translocation of NFATc3 that is not detectable against the background of constitutive nuclear export activity, we used leptomycin B, which inhibits Crm-1-dependent nuclear export (24) and would be predicted to trap transiently translocated NFATc3 in the nucleus. Cerebral arteries from CD1 control mice were stimulated with HK for 30 min with or without 500 nM leptomycin B, followed by immunohistochemical detection of NFATc3. As expected, HK alone induced no net increase in NFATc3 nuclear staining in cerebral arteries from CD1 mice. However, HK treatment in the presence of leptomycin B led to a significant increase in NFATc3 nuclear accumulation (Fig. 3) . Under these conditions, leptomycin B alone has no significant effect (data not shown). These results indicate that the Ca 2ϩ signal generated by HK does indeed induce NFATc3 nuclear translocation but is insufficient to induce a sustained nuclear accumulation of NFATc3 due to robust basal levels of nuclear export activity. These results also support a role for the exportin, Crm-1, in the NFATc3 nuclear export process in native vascular smooth muscle, consistent with the previously demonstrated role of Crm-1 in regulating the nuclear export of other NFAT isoforms exogenously expressed in cultured cells (11, 13) . effect on UTP-induced NFATc3 nuclear accumulation in cerebral artery smooth muscle (Fig. 3) . Furthermore, UTP-induced NFATc3 nuclear accumulation is not enhanced in arteries from JNK2 Ϫ/Ϫ animals (see Fig. 1C ). These results suggests that JNK2/Crm-1-dependent NFATc3 nuclear export processes are inhibited by UTP and are thus insensitive to further inhibition by leptomycin B or JNK2 deficiency.
Differential Effects of UTP and HK on JNK Activity-In
To determine whether the effects of HK and UTP on JNK activity are consistent with this interpretation, we used an immunohistochemical approach and an antibody that recognizes the phosphorylated (P-JNK), active form of both JNK1 and JNK2 to evaluate HK-and UTP-induced changes in JNK activation. Neither stimulus induced an increase in JNK activity under the conditions employed. Instead, stimulation of cerebral arteries from wild-type animals with UTP (10 M) significantly suppressed constitutive nuclear JNK activity at both 5 and 30 min, whereas HK did not (Fig. 4A) . Most of this effect is likely attributable to changes in JNK2 activity, since results obtained using JNK1 Ϫ/Ϫ and JNK2 Ϫ/Ϫ animals indicate that P-JNK2 accounts for a preponderance of both total and nuclear P-JNK (Fig. 4B) . These results are consistent with an inhibitory effect of UTP on nuclear JNK2 activity that results in a suppression of JNK2-mediated NFATc3 nuclear export. DISCUSSION We have found that the absence of JNK2 activity creates a smooth muscle environment that is permissive for depolarization-induced stimulation of NFATc3 nuclear accumulation. Similar results are obtained by blocking NES-dependent, Crm-1-mediated nuclear export with leptomycin B. Several conclusions can be drawn from these observations. First, these data indicate that the Ca 2ϩ signal generated by HK is sufficient to promote NFATc3 nuclear translocation in smooth muscle. The fact that this translocation is only revealed under conditions in which nuclear export is suppressed underscores the dynamic, multilevel regulation of NFAT nuclear accumulation. More importantly, these data further suggests that Ca 2ϩ elevation, although strictly required, is not the rate-limiting step for NFATc3 nuclear accumulation in smooth muscle. In this tissue, where variations in intracellular Ca 2ϩ are a prominent feature and a defining functional property, down-regulation of nuclear export activity appears to be a key requirement for sustained NFATc3 nuclear accumulation. This result contrasts with those obtained in neurons, where depolarization-induced increases in intracellular Ca 2ϩ are sufficient to induce NFAT nuclear accumulation (20) , and immune cells, where Ca 2ϩ ionophore-induced elevation of intracellular Ca 2ϩ is an equally effective stimulus (23) . Since the predominant NFAT isoforms are different among these cell types (NFATc4 in neurons and NFATc1/NFATc2 in immune cells), it may be that this apparent tissue-specific difference is a reflection of isoform-specific import/export regulation.
These data indicate that suppression of JNK activity may be required for NFATc3 nuclear accumulation in vascular smooth muscle. The fact that nuclear levels of NFATc3 are not basally elevated in cerebral arteries from JNK2-deficient animals is not unexpected, since the low resting level of intracellular Ca 2ϩ in these unpressurized arteries (ϳ80 nM (25) ) is unlikely to cause significant calcineurin activation. However, the activation status of calcineurin in vascular smooth muscle may be higher under physiological conditions, where normal intravascular pressure (e.g. 60 mm Hg) increases intracellular Ca 2ϩ in cerebral arteries to ϳ200 nM (25, 26) , and intracellular Ca 2ϩ changes dynamically in response to circulating and/or endothelial-derived vasoactive factors. Thus, in vivo, JNK-mediated NFAT nuclear export in vascular smooth muscle may provide an additional level of regulation to prevent "inadvertent" NFAT activation. An alternative possibility is that NFAT is active under physiological conditions and plays a role in maintaining the contractile phenotype of smooth muscle, as suggested by results from our laboratory 2 and those of others (27) . In this scenario, up-regulation of JNK activity under pathological conditions could suppress NFAT activity and provide a mechanism for switching from the contractile to the synthetic, proliferative phenotype.
Results from cell lines of different tissue origin suggest that UTP may stimulate or inhibit JNK activity, depending on cell type (28) . Our initial experiments in unpressurized arteries are consistent with a model in which relatively elevated basal JNK activity is suppressed by UTP, which also acts through multiple mechanisms to increase intracellular Ca 2ϩ . HK, which also induces a substantial increase in intracellular Ca 2ϩ , does not effectively suppress JNK activity and consequently fails to induce nuclear accumulation of NFATc3. HK and UTP may also have effects on other kinases that regulate NFATc3 nuclear export (or import), which could potentially add additional layers of complexity.
The results obtained here provide the first evidence for JNK2-mediated NFATc3 nuclear export in native tissue, indicating that this mechanism, first characterized in transfection systems (16) , is physiologically important. These results also confirm the physiological relevance of Crm-1-mediated NFAT export and extend these results specifically to the NFATc3 isoform. The fact that disruption of either mechanism alone is FIG. 4 . UTP suppresses constitutive nuclear JNK activity. Changes in JNK activity were assessed using an antibody that recognizes phosphorylated JNK1 or JNK2 (P-JNK). A, summarized data from immunofluorescence experiments showing the effects of HK (60 mM) and UTP (10 M) on JNK activity in cerebral arteries from wild-type (WT) animals. UTP treatment for 5 or 30 min induced a significant inhibition of JNK phosphorylation (*, p Ͻ 0.05 and **, p Ͻ 0.01, respectively) compared with unstimulated controls (C), whereas effects of HK were not significant at either time point. For each condition, 10 -14 images from at least six different arteries from six mice were analyzed. B, the intensity of total P-JNK and the percentage of nuclear P-JNK staining measured in cerebral arteries from JNK1 Ϫ/Ϫ , JNK2 Ϫ/Ϫ , and wild-type animals. Representative immunofluorescence images and summarized data are shown that a preponderance of total basal P-JNK (red, larger photo in each panel) and nuclear smooth muscle P-JNK (white, smaller photo in each panel) are attributable to JNK2, since the decrease in total and nuclear P-JNK staining is substantially greater in JNK2 Ϫ/Ϫ than in JNK1 Ϫ/Ϫ animals. For nuclear P-JNK determination, cells were co-stained with the DNA-binding dyeSYTOX; white indicates nuclear co-localization of P-JNK (red) and SYTOX (green). ***, p Ͻ 0.001 compared with wild-type. For each condition, 10 -16 images from at least six different arteries from six mice were analyzed. White bars represent 25 m. sufficient to allow HK to induce NFATc3 nuclear accumulation suggests that phosphorylation by JNK2 and Crm-1 binding may act in series rather than in parallel to promote NFATc3 nuclear export. It has been shown that NFAT accumulation in the nucleus depends, in part, on continued association with calcineurin, which blocks access of the nuclear export protein Crm-1 to NES (13) and prevents Crm-1-mediated export. If JNK2 acts through direct phosphorylation of NFATc3, as described by Davis and colleagues (16) , it is possible that JNK2-mediated phosphorylation results in disruption of NFATc3-calcineurin interactions and enhanced Crm1-mediated nuclear export. The JNK1 isoform has been shown to act by a similar direct phosphorylation mechanism to disrupt interactions between cytosolic NFAT and calcineurin and inhibit NFAT nuclear import (15) .
These data provide strong evidence that JNK2 exerts an opposing influence on Ca 2ϩ -dependent, calcineurin-mediated NFAT nuclear translocation in native smooth muscle. Results of experiments with leptomycin B indicate that unless constitutively elevated nuclear export activity is inhibited, NFAT transiently cycles through the nucleus but does not accumulate, even in the presence of elevated global Ca 2ϩ . Our results support the concept of a dual signal mechanism for induction of NFATc3 nuclear accumulation in smooth muscle that requires both a calcineurin-activating Ca 2ϩ signal and engagement of pathway(s) that down-regulate Crm-1/JNK-dependent nuclear export.
